Controversy about the origin of adult β-cells has engaged scientists for more than 100 years ([@B1]--[@B5]). Several mechanisms have been invoked to explain adult β-cell mass expansion, including neogenesis from pancreatic ducts or hematopoietic tissues, replication of specialized β-cell progenitors, and self-renewal by β-cells. Studies now indicate that normal β-cell growth in mice primarily occurs by self-renewal of mature β-cells---not by replication of specialized progenitors ([@B6]--[@B8]).

A recent study powerfully challenged prevailing consensus regarding the origins of new β-cells and described how β-cells are abundantly generated from endogenous progenitors in injured adult mouse pancreas ([@B9]). The authors used PDL to induce pancreatic injury, which resulted in acinar cell death and ductal proliferation. β-Cell mass doubled within a week, with an associated 10-fold increase in β-cell proliferation. PDL also induced neurogenin 3 (Ngn3) expression. The study has been heralded as providing convincing evidence for multipotent endocrine progenitors in adult pancreas ([@B10]--[@B12]). But subsequent studies indicate that ductal-derived progenitors do not contribute to the doubling of β-cell mass after pancreatic injury, leaving open the question as to where the PDL-induced newly generated β-cells come from if not ducts ([@B2],[@B13]--[@B16]).

We reexamined β-cell neogenesis after PDL, reasoning that quantitative imaging and lineage tracing would reveal the source and amount of new β-cells. As expected, PDL-induced injury stimulates massive acinar death and ductal proliferation. Surprisingly, β-cell mass and insulin content is unaltered by PDL. Moreover, β-cell proliferation is not increased by PDL. Using sequential labeling with thymidine analogs, cre-lox lineage tracing driven by the insulin promoter, or low-frequency ubiquitous cre-lox lineage tracing, we found that progenitors do not contribute to the β-cell lineage in response to PDL. Therefore, β-cells are not generated in PDL-injured adult mouse pancreas.

RESEARCH DESIGN AND METHODS {#s1}
===========================

Experiments were performed according to the Children's Hospital of Philadelphia Institutional Animal Care and Use Committee. Male F1 hybrid B6129SF1/J and BALB/cByJ mice were obtained from The Jackson Laboratory (Bar Harbor, ME). The Jackson Laboratory Rosa YFP mice \[B6.129 × 1*-Gt(Rosa)26Sor^tm(EYFP)Cos^/J*\] were crossed with Ins2-CreERT ([@B6]) (a gift from D. Melton, Harvard University and Howard Hughes Medical Institute, via B. Stanger, University of Pennsylvania Perelman School of Medicine) and UBC-CreERT2 mice ([@B17]) (a gift from E. Brown, University of Pennsylvania Perelman School of Medicine). Glucose homeostasis, histomorphometry, and gene expression were performed as previously described ([@B7]). Ins2-CreERT mice were orally treated with tamoxifen or vehicle for 5 days (8 mg/day).

PDL was performed as previously described ([@B9],[@B13],[@B18],[@B19]). The splenic segment of the pancreatic duct was ligated immediately distal to the confluence of the splenic and common bile duct. Partial pancreatectomy performed was as previously described ([@B7]).

RT-PCR. {#s2}
-------

Pancreas head and tail were dissected, weighed, flash frozen, and pulverized with a liquid nitrogen--cooled mortar and pestle. RNA extraction and cDNA synthesis were performed as previously described ([@B20]).

Total pancreatic insulin content. {#s3}
---------------------------------

Pancreata were placed in acid-ethanol solution, incubated overnight at −20°C, homogenized with a PowerGen 125 tissue homogenizer (category no. FTH-115; Fisher Scientific), incubated overnight at −20°C, and centrifuged at 2,000 rpm for 15 min at 40°C. Supernatant was neutralized with 1:1 1 mol/L Tris pH 7.5, diluted ×1 PBS containing 0.25% BSA (1:100, 500, 1000, 5,000, 10,000, and 15,000), and measured in triplicate using a mouse insulin RIA kit (Linco Research). Samples were normalized (i.e., multiplied by the dilution factor) and reported as micrograms for the total pancreatic organ. No other normalization was performed for other factors (e.g., protein input), as such factors might be differentially present within injured pancreas.

Thymidine analog lineage tracing. {#s4}
---------------------------------

We performed sham or PDL operations in mice followed by continuous labeling via drinking water, with CldU for the first half and then IdU (both 1 mg/mL) as previously described ([@B7]).

Statistics. {#s5}
-----------

Results are reported as means ± SEM, compared with independent *t* tests (unpaired and two-tailed), and reported as *P* values.

RESULTS {#s6}
=======

PDL injures pancreas in a stereotypic manner. {#s7}
---------------------------------------------

PDL has been performed by many groups using a standard protocol without reported variation in acinar cell atrophy or ductal proliferative response ([@B1],[@B9],[@B13]--[@B16],[@B18],[@B19],[@B21]--[@B36]). We performed PDL on mixed genetic background and inbred mice ([Supplementary Fig. 1*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)). PDL was well tolerated, with unaltered body weight and glycemia ([Supplementary Fig. 1*B*--*E* and *H*--*J*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1) and [Supplementary Tables 1--4](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)). PDL resulted in atrophy of the tail of the pancreas, leaving the head unaffected ([Fig. 1*A* and *B*](#F1){ref-type="fig"}). PDL-injured pancreas had reduced amylase expression but had numerous small ducts visible ([Fig. 1*C* and *D*](#F1){ref-type="fig"} and [Supplementary Fig. 2*A* and *B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)).

![Ligation of the main pancreatic duct induces stereotypic reorganization throughout the tail of the pancreas, with acinar apoptosis and ductal proliferation. The splenic branch of the pancreatic duct was ligated in 6- to 7-week-old mixed genetic background mice (F1 hybrid B6129SF1/J) and in 8-week-old Balb/c mice, leaving the head of the pancreas intact. *A* and *B*: Mass of the pancreatic tail is severely reduced by ductal ligation. Quantitative analysis of pancreas mass in mixed genetic background at 7, 14, and 30 days (*A*) and in Balb/c mice at 7 days (*B*). Data are means ± SEM; 3--5 animals per group. *C*: Pancreatic acinar tissue is replaced by highly proliferative cells after PDL injury. Images from 7-day sham-operated (control) and PDL tail pancreas. DAPI (blue), amylase (green), insulin (yellow), and ki67 (red). *D*: PDL induces highly proliferative duct cells. DAPI (blue), pancytokeratin (green), and ki67 (red). *E*: Quantitative analysis of extraislet nonduct proliferation (ki67^+^ cytokeratin^−^ exocrine cells) from sham-operated and PDL tail pancreas. *F*: Quantitative analysis of ductal proliferation (ki67^+^ pancytokeratin^+^ cells) from sham-operated and PDL tail pancreas. *G*: PDL induces massive death of cells within the exocrine pancreas. Images from sham-operated (control) and PDL tail pancreas. DAPI (blue), pancytokeratin (green), insulin (yellow), and TUNEL (red). *H*: PDL recruits lymphocytes (CD45^+^) to the pancreas. Images from sham-operated (control) and PDL tail pancreas. DAPI (blue), pancytokeratin (green), insulin (yellow), and CD45 (red). *I*: Quantitative analysis of extraislet death (TUNEL^+^ cells) from sham-operated and PDL tail pancreas. *J*: Quantitative analysis of intraislet death (TUNEL^+^ insulin^+^ cells) from sham-operated and PDL tail pancreas. *K*: PDL recruits cells with markers of lymphocytes (CD45^+^ cells) and macrophages (F4/80^+^ cells) to the pancreas. Gene expression analysis of total RNA from sham-operated and PDL pancreas at day 7. Scale bars: 100 μm. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001, ligated vs. unligated pancreas tail. D, day.](1634fig1){#F1}

PDL induces characteristic changes in pancreatic histology. {#s8}
-----------------------------------------------------------

Ki67^+^ cells were vastly increased by PDL in tail pancreata at 7, 14, or 30 days compared with controls ([Fig. 1*C*--*F*](#F1){ref-type="fig"}). PDL induced ductal proliferation ([Fig. 1*D* and *F*](#F1){ref-type="fig"}), and acinar cells had reduced amylase expression and extensive apoptosis, with increased TUNEL^+^ cells ([Fig. 1*C*, *G*, and *I*](#F1){ref-type="fig"}). TUNEL^+^ cells were also increased in islets, indicating that PDL-induced injury extended to islets ([Fig. 1*J*](#F1){ref-type="fig"}). Injury was associated with CD45^+^ lymphocytic cells (a pan-lymphocyte marker) ([Fig. 1*H*](#F1){ref-type="fig"}). CD45 and F4/80 mRNAs were induced, indicating lymphocytes and macrophages, respectively ([Fig. 1*K*](#F1){ref-type="fig"}).

Ngn3 expression is induced in PDL-injured pancreas. {#s9}
---------------------------------------------------

We quantified Ngn3 mRNA in pancreas using flash freezing to limit autodigestion. Ngn3 mRNA was readily detected in PDL-injured pancreas, with threshold amplification cycles (*C*~t~) from ∼33 to 36 ([Fig. 2*A*](#F2){ref-type="fig"}). In contrast, Ngn3 was only occasionally detected in controls ([Fig. 2*A*](#F2){ref-type="fig"}). These results could imply that Ngn3 was massively induced by PDL (more than one million--fold). However, many control Ngn3 *C*~t~ values were 39 or 40 ([Fig. 2*A*](#F2){ref-type="fig"}) and beyond the reliable detection limit of the quantitative PCR assay. Consequently, we repeated our studies with much more mRNA input (a whole mouse pancreas divided up into just a few quantitative PCRs) (see [research design and methods]{.smallcaps}). As expected, increased pancreatic cDNA resulted in much earlier *C*~t~ detection of Ngn3 in PDL samples (*C*~t~ 29--33) ([Fig. 2*B*](#F2){ref-type="fig"}). We also consistently detected Ngn3 mRNA in controls (*C*~t~ 33--36) ([Fig. 2*B*](#F2){ref-type="fig"}). Other endocrine mRNAs were readily detected, such as insulin, glucagon, GLUT2, and prohormone convertase 2 (PCSK2) ([Supplementary Fig. 3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)). In summary, our studies confirm that Ngn3 is powerfully induced by PDL ([Fig. 2*C*](#F2){ref-type="fig"}) and suggest that Ngn3 mRNA is also present in uninjured mouse pancreas as previously described ([@B9],[@B16],[@B37],[@B38]).

![Ngn3 expression is induced in PDL-injured pancreas. *A* and *B*: Concentrated cDNA samples are necessary to accurately and consistently amplify Ngn3 transcript in sham pancreas samples using quantitative real-time PCR. *A*: Representative quantitative PCR curves from samples with traditional (smaller) quantities of pancreatic cDNA input from PDL samples (*right panel*) or sham-operated control tail samples (*left panel*) to amplify Ngn3 or cyclophilin A. *B*: Representative quantitative PCR curves from samples with revised (larger) quantities of pancreatic cDNA input from PDL samples (*right panel*) or sham-operated control tail samples (*left panel*) to amplify Ngn3 or cyclophilin A. *C*: Gene expression analysis of total RNA from sham or PDL pancreas at day (D) 7. Mean ± SEM; 3 animals per group.](1634fig2){#F2}

PDL does not generate new β-cells. {#s10}
----------------------------------

To directly test whether β-cells are generated by PDL, we quantified β-cells by morphometric analysis. Traditionally, only a small percentage of the total depth of the pancreas is analyzed for mass. PDL-injured pancreata are thinner (∼2 mm) than control pancreata (∼4 mm). Superficial depth sampling of uninjured pancreas could bias measurements by preferentially sampling islets on the periphery (where there are few islets). In contrast, superficial sampling in PDL-injured pancreas would yield a high density of islets. To prevent bias, we quantified β-cells from the entire pancreas in both sham and PDL, cutting 5-μm tissue sections every 95 µm. This strategy resulted in a large number of sections (30--40 from sham and 15--25 from PDL) ([Fig. 3*A* and *B*](#F3){ref-type="fig"}, [Supplementary Fig. 4*A*--*C*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1), and [Supplementary Tables 1--4](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)). We also analyzed β-cell area in Balb/c mice 7 days after PDL with sections every 160 μm. β-Cell area relative to pancreas area was increased in PDL tail compared with controls ([Fig. 3*C*--*F*](#F3){ref-type="fig"} and [Supplementary Fig. 5*A* and *B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)). The cumulative total pancreas area was reduced by ∼70% ([Fig. 3*G* and *J*](#F3){ref-type="fig"}), equivalent to the ∼70% reduction in pancreatic mass after PDL ([Fig. 1*A* and *B*](#F1){ref-type="fig"}). Because we measured β-cell density through the entire thickness of the pancreas, we were able to compare cumulative total β-cell area of PDL samples to control pancreas. Surprisingly, the cumulative total β-cell area was not altered by PDL. Similarly, β-cell mass was totally unchanged by PDL ([Fig. 3*H* and *I*](#F3){ref-type="fig"}). Cumulative total sectional β-cell area was slightly decreased in the tail pancreata of Balb/c mice 7 days after PDL. However, β-cell mass was not altered by PDL compared with control ([Fig. 3*K* and *L*](#F3){ref-type="fig"}). Islets were slightly smaller in Balb/c mice 7 days after PDL ([Supplementary Fig. 5*C*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)), perhaps as a consequence of their distorted morphology. In summary, PDL did not increase total cross-sectional β-cell area or β-cell mass.

![β-Cells are not generated in PDL-injured pancreas. Sham operation or PDL was performed in mixed genetic background mice after they were killed at 7, 14, or 30 days (*A*--*E* and *G*--*I*). Five-micrometer sections were obtained from pancreata every 95 μm followed by detection of β-cell and total pancreas area. Total pancreas was detected with amylase antisera and autofluorescence. Equivalent studies were also performed in Balb/c mice after they were killed at 7 days, with sections obtained every 160 μm (*F* and *J*--*L*). *A*: Image sequences through the entire pancreas of sham-operated and PDL tail samples. Pancreas (green), insulin (white). *B*: Images from sham-operated and PDL tail at 7, 14, or 30 days. Pancreas (green), insulin (red). *C*--*F*: Morphometric analysis of cross-sectional β-cell area at day 7 (*C* and *F*), 14 (*D*), or 30 (*E*). β-Cell area for each longitudinal pancreas section is plotted as points within a vertical column representing individual mice, expressed as % total pancreas area per section. *G*--*L*: Quantitative analysis of cumulative total pancreas area, expressed as micrometers squared. *G* and *J*: PDL results in a drastic reduction in total cross-sectional pancreas area. *H* and *K*: Cumulative total β-cell area is unchanged by PDL, expressed as micrometers squared. *I* and *L*: β-Cell mass is unchanged by PDL, expressed as milligrams. Data are means ± SEM; 4--5 animals per group. Scale bars: 2 mm. \*\**P* \< 0.01, \*\*\*\**P* \< 0.0001, ligated vs. unligated pancreas tail. D, day.](1634fig3){#F3}

PDL has minimal effects on pancreatic insulin content. {#s11}
------------------------------------------------------

We also tested whether pancreatic insulin content is increased by PDL. It was previously reported that insulin content was doubled by 14 days after PDL ([@B9]). However, insulin content was only increased by a tiny amount (∼20%) in tail PDL pancreas at 7 and 14 days and unchanged at 30 days ([Supplementary Fig. 6](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)). Similarly, insulin content was unaltered in control head PDL and sham pancreata ([Supplementary Fig. 6](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)).

PDL induces serial proliferation in duct cells but not in β-cells or their adult progenitors. {#s12}
---------------------------------------------------------------------------------------------

We performed studies to define contribution to the β-cell lineage by serial proliferating cells (those that divide multiple times with a given period of study) after PDL. We used sequential administration of two different halogen-substituted thymidine analogs. This strategy can detect contribution of highly proliferative progenitors to a tissue of interest, thus inferring contribution by a lineage mechanism that includes transit-amplifying cells and possibly stem cells ([@B7],[@B39]) (see [Fig. 4*A*](#F4){ref-type="fig"} for a schematic). We carried out PDL or sham followed by continuous labeling with CldU for 3 days and then IdU for 3 days in the drinking water (mice killed at day 7) ([Fig. 4*A*](#F4){ref-type="fig"}). Similar studies were performed with CldU labeling for 7 days and IdU for 7 days (killed at day 14) or CldU labeling for 14 days and IdU for 14 days (killed at day 30). As expected, PDL resulted in islets with irregular borders ([Fig. 4*B*](#F4){ref-type="fig"} and [Supplementary Fig. 7*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)). PDL-induced duct-like cells (pancytokeratin^+^) were highly proliferative and frequently CldU^+^IdU^+^ copositive ([Fig. 4*B*](#F4){ref-type="fig"} and [Supplementary Fig. 4*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)). PDL also induced serial proliferation of other unidentified small cells in pancreatic parenchyma ([Fig. 4*B*](#F4){ref-type="fig"} and [Supplementary Fig. 7*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)). β-Cells were almost never CldU^+^/IdU^+^ copositive in PDL-injured pancreata ([Fig. 4*B* and *C*](#F4){ref-type="fig"} and [Supplementary Fig. 7*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)). Moreover, total β-cell proliferation was not altered at any time point after PDL-induced pancreatic injury despite continuous labeling with thymidine analogs ([Fig. 4*D*](#F4){ref-type="fig"}). Thus, the PDL-stimulated, highly proliferative duct cells do not appear to enter the β-cell lineage in substantial quantities.

![PDL induces serial proliferation of cells in duct cells but not in β-cells or their adult progenitors. *A*: Labeling scheme used to assess the replicative origin of β-cells after PDL. PDL or sham operation was performed in 6-week-old mixed genetic background mice, followed by sequential labeling with CldU and then IdU before they were killed. *B*: Sequential proliferation within ductal structures but not islets after PDL. Images from tail pancreas from sham-operated and PDL pancreas at 7, 14, or 30 days (D). Insulin (yellow), CldU (green), IdU (red), and pancytokeratin (white). Arrow heads indicate CldU^+^ IdU^+^ copositive cells. Scale bars: 100 μm. *C*: Quantitative analysis of β-cell proliferation after thymidine analog labeling, as measured by insulin^+^ cells that contained CldU^+^, IdU^+^, or both. Data are means ± SEM; 4--5 animals per group. *D*: Unaltered cumulative β-cell proliferation during the weeks after PDL, as measured by thymidine analog incorporation (CldU^+^ or IdU^+^) within insulin^+^ cells. \**P* \< 0.05, \*\**P* \< 0.01, ligated vs. unligated pancreas tail.](1634fig4){#F4}

PDL does not increase β-cell proliferation. {#s13}
-------------------------------------------

To verify our observation of unchanged thymidine incorporation after PDL, we quantified β-cell proliferation with ki67 staining. ki67^+^ insulin^+^ cells were not increased after PDL ([Fig. 5*A* and *B*](#F5){ref-type="fig"} and [Supplementary Tables 1--3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)). Moreover, proliferation of non-β-cell islet endocrine cells was unchanged by PDL ([Fig. 5*A* and *C*](#F5){ref-type="fig"} and [Supplementary Tables 1--3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)). We further quantified β-cell proliferation within our other cohort (Balb/c) with BrdU injected 1 h before the mice were killed. BrdU^+^ insulin^+^ cells were unchanged by PDL in Balb/c mice on recovery day 7 ([Fig. 5*D* and *E*](#F5){ref-type="fig"} and [Supplementary Table 4](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)). To verify that the Balb/c mice were capable of responding to β-cell regenerative stimuli, we also carried out parallel pancreatic injury studies with partial pancreatectomy. As expected, BrdU^+^ insulin^+^ cells and extra islet BrdU^+^ cells were increased threefold by partial pancreatectomy ([Fig. 5*G*](#F5){ref-type="fig"}). Thus, β-cell proliferation was unchanged by PDL but powerfully stimulated by partial pancreatectomy. We also quantified total intraislet proliferation defined as any DAPI^+^ cells within the capsule of the islet. This could theoretically include endothelial, epithelial, endocrine, neural, and glial cells. In the short-term BrdU labeling experiment, PDL increased the quantity of intraislet BrdU^+^ cells in the tail pancreata compared with controls ([Fig. 5*F*](#F5){ref-type="fig"}). However, in 14-day CldU/IdU-labeling studies, PDL increased intraislet IdU^+^ cells (administered days 7--14) but not intraislet CldU^+^ cells (administered days 1--7) in the injured tail pancreas compared with control ([Supplementary Fig. 7*B*--*E*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)). While the BrdU experiment shows that there are a greater number of proliferating intraislet cells on recovery day 7, the CldU and IdU experiment further reveals that intraislet cell replication/turnover in response to PDL is variable during the recovery period after injury. Taken together, these studies indicate that PDL does not increase the proliferation of β-cells or other islet endocrine cells.

![PDL does not stimulate β-cell proliferation. *A*: PDL stimulates proliferation of cells within the duct cells but not β-cells. Images from tail pancreas from sham-operated (control) and PDL pancreas at 7, 14, or 30 days. Insulin (yellow), glucagon (Gluc)/pancreatic polypeptide (pp)/somatostatin (somato) (green), ki67 (red), and DAPI (blue). *B* and *C*: Quantitative analysis of islet proliferation in sham and ligated pancreas tail. Data are means ± SEM; 5 animals per group. *B*: Unaltered β-cell proliferation (insulin^+^ ki67^+^) after PDL. *C*: Unaltered proliferation of other islet endocrine cells (glucagon/pancreatic polypeptide/somatostatin^+^ ki67^+^). *D*--*F*: PDL increases intraislet proliferation without altering β-cell proliferation in the Balb/c cohort. *D*: Images from tail pancreas from sham-operated (control) and PDL pancreas at 7 days (D). DAPI (blue), insulin (yellow), BrdU (red). Triangles indicate BrdU^+^ cells that do not express insulin. *E*: Quantitative analysis of β-cell proliferation (insulin^+^ BrdU^+^). *F*: Quantitative analysis of total intraislet BrdU^+^ proliferation. Data are means ± SEM; 5 animals per group. Scale bars: 50 μm. \*\**P* \< 0.01, ligated vs. unligated pancreas tail. *G*: Partial pancreatectomy stimulates β-cell proliferation in the Balb/c cohort. Quantitative analysis of proliferation in β-cells (insulin^+^ BrdU^+^) and extraislet cells. Data are means ± SEM; 5 animals per group.](1634fig5){#F5}

PDL does not convert non-β-cells to β-cells. {#s14}
--------------------------------------------

To further investigate the lineage of β-cells after PDL-induced pancreatic injury, we carried out insulin promoter--based lineage tracing. This strategy uses the insulin promoter to drive a tamoxifen-inducible cre (CreERT) in a loxP reporter mouse; tamoxifen induction of cre permanently marks adult β-cells and their progeny with yellow fluorescent protein (YFP) expression ([Fig. 6*A*](#F6){ref-type="fig"}). Contribution by non--insulin-containing progenitors to the adult β-cell lineage would be indicated by an increase in β-cells that are not marked by tamoxifen-induced YFP expression. PDL-induced β-cell neogenesis would result in reduced proportions of tamoxifen-marked β-cells. We derived insulin 2 CreERT ROSA26 lox-stop--lox YFP reporter mice (Ins2-CreERT ROSA reporter mice) ([@B6],[@B40]) and induced recombination with tamoxifen at 5--6 weeks of age, followed by PDL at 8--9 weeks of age; mice were killed 7 or 30 days thereafter ([Fig. 6*A*](#F6){ref-type="fig"}). We achieved very high efficiency baseline recombination in β-cells with the Ins2-CreERT ROSA reporter mice ([Fig. 6*B* and *E*](#F6){ref-type="fig"}). Nevertheless, tamoxifen-induced recombination rates were unchanged by PDL-induced injury at both 7 and 30 days ([Fig. 6*C*--*E*](#F6){ref-type="fig"}). Thus, unmarked β-cell progenitors did not dilute the adult β-cell lineage after PDL. This surprising result demonstrates that non--insulin-containing progenitors do not significantly contribute to the adult β-cell lineage after PDL-induced pancreatic injury.

![PDL does not convert non-β-cells to the β-cell lineage. *A*: Genetic lineage tracing scheme used to assess the cellular origin of β-cells after PDL. *B*: Highly efficient induction of recombination within β-cells after tamoxifen treatment in control mice. *C* and *D*: Images of tail pancreas from tamoxifen-treated sham-operated control mice. DAPI (blue), insulin (red), YFP (green). Unchanged proportion of recombined β-cells after PDL at 7 days (*C*) and 30 days (*D*). *E*: Quantitative analysis of β-cell recombination. Data are means ± SEM; 4--5 animals per group. Scale bars: 50 μm. D, day.](1634fig6){#F6}

While characterizing Ins2-CreERT ROSA reporter mice, we noticed some YFP^+^ β-cells in untreated mice, indicating that β-cells undergo spontaneous recombination in the absence of tamoxifen ([Supplementary Fig. 8*A* and *C*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)). Ongoing spontaneous recombination could complicate interpretation of lineage-tracing studies in Ins2-CreERT ROSA reporter mice. Consequently, we measured YFP^+^ β-cells in untreated mice as a function of time. Spontaneous recombination progressed in an extremely slow and predictable manner with age ([Supplementary Fig. 8*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)). Moreover, YFP^+^ β-cells in control pancreata were present in the same proportions over 30 days, which strongly suggests that spontaneous recombination did not significantly complicate our studies ([Supplementary Fig. 8*D*--*F*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)).

The presence of such spontaneous recombinants presented an opportunity to further test the lineage mechanism of β-cells within PDL-injured pancreas without the use of tamoxifen. We analyzed recombination rates in non--tamoxifen-treated PDL and control cohorts ([Supplementary Fig. 8*B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)). PDL did not alter the proportion of YFP^+^ β-cells after 7 days ([Supplementary Fig. 8*D*--*F*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)). Similarly, PDL did not alter the proportion of YFP^+^ β-cells in non--tamoxifen-treated mice after 30 days ([Supplementary Fig. 8*E* and *F*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)). Notably, β-cell proliferation was unaltered by tamoxifen treatment in both PDL and sham mice ([Supplementary Fig. 8*G*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)). These results further support the conclusion that PDL does not convert non-β-cells to contribute to the β-cell lineage.

PDL does not convert multipotent progenitors to β-cells. {#s15}
--------------------------------------------------------

We tested whether PDL-induced pancreatic injury involved clonal, multipotent pancreatic progenitors. We induced YFP expression within a small percentage of all pancreatic cell types and quantified clonal expansion after PDL or sham in various types of cells. We envisioned three possible outcomes (schematic in [Fig. 7*A*](#F7){ref-type="fig"}): β-Cell neogenesis might lead to clonal expansion across multiple cell types, with YFP-expressing cells directly extending from duct cells in the pancreas to islets. Alternatively, clonal expansion could only be detected within expanding populations of single cell types. Finally, solitary recombined cells might be observed, implying minimal expansion. We used a ubiquitously expressed promoter to drive low-frequency inducible cre-lox recombination. We crossed reporter mice with transgenic mice with the human ubiquitin C promoter (UBC) driving CreERT2 ([@B17]). The resulting UBC CreERT2 ROSA26 lox-stop--lox YFP mice (UBC-CreERT2 ROSA reporter mice) exhibited dose-dependent recombination without any leakiness in a variety of pancreatic tissues including β-cells, α-cells, and ductal and acinar cells with varying rates of recombination ([Supplementary Fig. 9](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-0848/-/DC1)). We treated mice with a single small dose of tamoxifen (0.015 g/kg) followed by PDL or sham (mice killed at 7 days). Surprisingly, recombined cells were mostly solitary in PDL, with rare two-cell clusters and even fewer three-cell clusters ([Fig. 7*B*--*F*](#F7){ref-type="fig"}). YFP clusters within duct-like cells (cytokeratin^+^) or other extraislet nonduct cells (insulin^−^ and cytokeratin^−^) never extended into the β-cell lineage after PDL, and two-cell clusters were never comprised of more than one cell type. In summary, PDL does not induce rapid clonal expansion of individually labeled β-, α-, ductal, or acinar cells or clonal expansion from a non-β-cell to β-cell lineage.

![PDL does not convert multipotent progenitors to the β-cell lineage. *A*: Lineage-tracing scheme used to assess the cellular origin of β-cells after PDL. *B* and *C*: Tamoxifen-dependent recombination. Images of tail pancreas from mice treated with a single dose of tamoxifen (0.015 g/kg) followed by sham operation or PDL (mice killed at 7 days). *B*: DAPI (blue), YFP (green), insulin (red), pancytokeratin (white). *C*: DAPI (blue), YFP (green), insulin (red), amylase (white). *D*--*F*: Quantitative analysis of multicellular clones, assessed by the presence of ductal clusters of YFP^+^ pancytokeratin^+^ cells (*D*), β-cell clusters of YFP^+^ insulin^+^ cells (*E*), and pancreatic acinar cell clusters of YFP^+^ amylase^+^ cells (*F*). Scale bars: 50 μm. \**P* \< 0.05, ligated vs. unligated pancreas tail. D, day.](1634fig7){#F7}

DISCUSSION {#s16}
==========

PDL induces rapid loss of acinar cells and a strong inflammatory response, which causes a 70% reduction in tail pancreas mass. Ngn3 mRNA is more readily detected after PDL-induced injury, and PDL induces highly proliferative ductal and nonductal cells within the pancreatic parenchyma. However, substantial β-cells are not generated by PDL, β-cell proliferation is not increased by PDL, and the highly proliferative cells of the pancreatic parenchyma do not enter the β-cell lineage. Moreover, the β-cell lineage is not diluted by non-β-cell--derived progenitors after PDL, and multipotent progenitors do not enter the β-cell lineage.

Although confounding factors could conceivably reconcile our observation that β-cells are not generated after PDL with published results ([@B9]), none seem likely. For example, PDL might be theorized to produce variable pancreatic injury among different mouse strains or laboratories. However, we followed the PDL procedure as described by Xu et al. ([@B9]) and invariably achieved the expected exocrine phenotype: reduction of pancreatic mass by ∼70%, acinar cell death, ductal expansion, macrophage infiltration, and induction of Ngn3 expression. Our exocrine pancreas results also mirrored other reports ([@B18],[@B19],[@B21]--[@B35]). Thus, PDL is a highly robust procedure with a predictable phenotype, and our results were identical to the expected exocrine phenotype. Similarly, quantification of β-cell proliferation could be theorized to be inaccurate within injured pancreas. PDL causes pancreatitis, which could reduce oral intake and thus reduce thymidine analog consumption administered in drinking water. However, we found that β-cell thymidine analog incorporation was identical in the PDL and sham head pancreas, indicating that labeling efficiency is equivalent in PDL and sham mice. We also quantified proliferation with ki67, but ki67^+^ insulin^+^ cells and other islet endocrine cells were unchanged after PDL. Finally, we quantified β-cell proliferation by injecting mice with short-term BrdU, but BrdU^+^ insulin^+^ cells were unchanged by PDL. Importantly, duct cell proliferation was potently increased by PDL, consistent with the exocrine phenotype described by Xu et al. ([@B9]). Thus, our studies using multiple methods to detect pancreatic cell replication are internally consistent and highly accurate.

Inducible lineage-tracing studies could be complicated by tamoxifen persistence, as recently described ([@B41]). Tamoxifen persistence could cause increasing rates of recombination with time. However, recombination rates were the same in our 30-day shams compared with our 7-day shams. Moreover, we also performed studies on mice that had not received any tamoxifen. Thus, tamoxifen persistence did not complicate our studies. Insulin promoter--based lineage-tracing studies might fail to detect contribution by insulin^+^ progenitors. While insulin^+^ duct cells do exist in sham and PDL-injured pancreata, they are solitary and extremely rare. Given their paucity, insulin^+^ duct cells would undergo massive expansion through multiple rounds of replication to substantially increase β-cell mass. But CldU/IdU copositive β-cells were almost nonexistent at any time point after PDL. We further performed low-frequency lineage tracing. Thus, by multiple methods we find that PDL-induced proliferative duct cells do not enter the β-cell lineage. Quantitative tools to measure β-cells after PDL could theoretically be problematic. Insulin content could inaccurately assess β-cell content owing to variable insulin recovery from extracted pancreas. However, insulin content was very similar in our PDL and sham tail samples (increased by 20% after 7 days and unchanged at 30 days). Moreover, insulin content was also identical in head pancreas from PDL and sham, which serve as internal controls. Therefore, our insulin content measurements are internally consistent and highly robust. Similarly, β-cell mass measurements could be biased by injured pancreas. However, β-cell morphometry of the entire pancreas revealed β-cell mass to be unchanged in multiple cohorts. Similarly, β-cell mass in head pancreata was unchanged, indicating that β-cells were accurately measured. PDL responses could also be speculated to be intrinsically variable in different strains of mice. However, we carried out studies in several strains, including those used by Xu et al. ([@B9]).

To address the discordance between our results and those of Xu et al., we compared our PDL β-cell proliferation results with published values. Xu et al. ([@B9]) reported that PDL increased β-cell proliferation 10-fold. Notably, the control β-cell proliferation rates of Xu et al. were extremely low (e.g., day 7 sham tail ∼0.02 ± 0.01% per hour), which is 15-fold less than our controls in the same Balb/c strain (sham tail 0.30 ± 0.05% per hour). Importantly, the Xu et al. PDL tail β-cell proliferation rates perfectly matched our PDL tail results (∼0.36 ± 0.03% per hour vs. our values of 0.42 ± 0.07% per hour) ([@B9]). Wei and colleagues similarly reported β-cell proliferation rates from 1-month-old Balb/c mice (∼15.5% over 48 h or ∼0.32% per hour) ([@B42]). Similarly, Stoffers and colleagues reported total islet proliferation in 8- to 10-week-old Balb/c control mice and obtained results that are also close to ours (∼1.7% over 6 h or ∼0.28% per hour) ([@B43]). Thus, the ∼10-fold induction in PDL β-cell proliferation reported by Xu et al. can be largely explained by anomalously low β-cell proliferation in their controls ([@B9]).

Our study resolves a major outstanding controversy regarding putative β-cell generation after PDL-induced pancreatic injury ([@B1]--[@B5]). Such putative β-cell progenitors were assumed to be of ductal origin. However, recent lineage-tracing studies have excluded ducts as significant contributors to β-cell generation in injured pancreas ([@B2],[@B13]--[@B16],[@B44],[@B45]). Therefore, our work reconciles competing theories by revealing that β-cells are not generated by PDL-induced pancreatic injury.

The notion that PDL stimulates β-cell mass expansion largely rests on studies by Heimberg, Bouwens, and colleagues ([@B9],[@B13],[@B18],[@B19]). However, Jansson and colleagues reported that β-cell mass was unchanged 1 and 2 weeks post-PDL in rats, and only 50% increased by 4 weeks ([@B34]). Indeed, Bouwens and colleagues reported that pancreatic insulin content was unchanged by PDL in rats at 1 and 2 weeks ([@B19]). Nevertheless, the notion of PDL-induced doubling of β-cell mass has been ingrained in the field. Recent lineage-tracing studies have attempted to define a source for new β-cells without quantifying the effect of PDL on β-cell mass or β-cell proliferation ([@B14],[@B15],[@B35]). An additional study recently reported that PDL stimulated β-cell mass threefold but did not alter pancreatic insulin content, prompting the authors to speculate that the observed generation of β-cells after PDL might be due to a quantitative artifact when measuring β-cell mass within injured pancreas ([@B16]). Indeed, we hypothesize that variable recovery or quantification of pancreatic endocrine cells within uninjured versus injured pancreas could have contributed to many disparate observations regarding β-cell mass expansion after PDL. Thus, our studies resolve an outstanding controversy on the role of PDL-induced injury as a putative stimulus to expand β-cells.

Given that β-cells are not generated by PDL-induced injury, our study questions the entire premise of islet progenitors within the adult pancreas. Notably, Xu et al. observed that Ngn3-marked cells could give rise to various islet endocrine cell types when transplanted into cultured fetal tissue ([@B9]). This could imply that Ngn3^+^ cells represent pluripotent tissue stem cells of the pancreas. Our studies reveal that PDL-induced expression of Ngn3 and other islet endocrine markers can be disconnected from adult β-cell mass expansion. We remain unsure whether increased Ngn3 expression in PDL pancreata is the result of a bona fide induction of Ngn3 expression or some sort of artifact due to differences in RNA recovery from injured compared with uninjured pancreas. Regardless, the relevance of Ngn3^+^ cells to adult β-cell mass expansion is tenuous in light of our results, which concur with Sox9-mediated lineage-tracing studies by Sander and colleagues ([@B16]). Moreover, we note that the fetal pancreas could have had a dominant influence in the transformation of PDL-derived Ngn3^+^ cells into islet endocrine cells. Supporting this, Barrandon and colleagues have described that thymic epithelial cells can be reprogrammed by the dermal niche to become skin cells ([@B46]). Indeed, fetal mesenchymal tissues can induce islet differentiation when exposed to pancreatic ducts ([@B47]). Thus, it is difficult to assess the significance of Ngn3^+^ cells versus the recipient fetal tissues. We also find that Ngn3 transcript and protein are more abundant in the ligated pancreas. However, we find that Ngn3 is also expressed in normal adult pancreas in both endocrine^+^ and pancytokeratin^+^ cells, as have others ([@B9],[@B16],[@B37],[@B38]). Our study reveals that adult β-cells are not derived from specialized progenitors after pancreatic injury. We show that β-cells are not generated in injured mouse pancreas. This observation is consistent with evidence showing that adult β-cells are derived by self-renewal ([@B6]--[@B8]).
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